The centrosome is a small but important organelle that participates in centriole duplication, spindle formation, and ciliogenesis. Each event is regulated by key enzymatic reactions, but how these processes are integrated remains unknown. Recent studies have reported that ciliogenesis is controlled by distal appendage proteins such as FBF1, also known as Albatross. However, the precise role of Albatross in the centrosome cycle, including centriole duplication and centrosome separation, remains to be determined. Here, we report a novel function for Albatross at the proximal ends of centrioles. Using Albatross monospecific antibodies, full-length constructs, and siRNAs for rescue experiments, we found that Albatross mediates centriole duplication by recruiting HsSAS-6, a cartwheel protein of centrioles. Moreover, Albatross participates in centrosome separation during mitosis by recruiting Plk1 to residue S348 of Albatross after its phosphorylation. Taken together, our results show that Albatross is a novel protein that spatiotemporally integrates different aspects of centrosome function, namely ciliogenesis, centriole duplication, and centrosome separation.
| INTRODUCTION
In animals, the centrosome serves as the major microtubuleorganizing center (MTOC), which controls microtubule (MT) dynamics throughout the cell cycle (Lüders & Stearns, 2007) . The most important functions of the MTOC are to control mitotic spindle assembly and chromosome segregation during cell division. The MTOC is also important during cellular quiescence, centrosome-harboring basal bodies nucleate primary cilia, thus serving as a nexus for several signaling pathways (Conduit, Wainman, & Raff, 2015; Nigg & Stearns, 2011) . Furthermore, multiciliated cells cover the brain ventricles and portions of the female and male reproductive tracts (Spassky & Meunier, 2017) . Aberrations in centrosome function can cause many inherited human diseases, including various ciliopathies, microcephaly, and some types of cancer due to chromosomal instabilities (Conduit et al., 2015; Hildebrandt, Benzing, & Katsanis, 2011; Nigg, Čajánek, & Arquint, 2014; Nigg & Raff, 2009; Reiter & Leroux, 2017) . Thus, centrosome functions are critical for cell proliferation and cell differentiation (Akiyama et al., 2017) .
The typical centrosome harbors two cylindrical MT-based centrioles, which recruit pericentriolar material (PCM), including the γ-tubulin ring complex that nucleates polymerized MTs (Lüders & Stearns, 2007) . In cycling cells, centrosomes and centrioles duplicate only once per cycle, which is followed by MT-mediated centrosome separation and mitotic spindle formation (Gönczy, 2015; Nigg & Holland, 2018) . These processes, which are critical for proper chromosome separation and genomic stability, are spatiotemporally regulated (Conduit et al., 2015) . Moreover, centriole duplication occurs in a hemi-conservative manner; the oldest "mother" centriole (defined as the basal body) comprises distal appendage (DAP) proteins that can initiate the formation of the ciliary axoneme (Izawa, Goto, Kasahara, & Inagaki, 2015) . Although ciliogenesis is typically inhibited in cycling cells, it can occur during cell quiescence (Inoko et al., 2012) . As higher events, multiciliated cells are suggested to result from massive centriole duplication and ciliation at the apical surface; these postulated mechanisms are relevant to mitotic centrosome duplication (Tang, 2013) and primary cilia formation (Spassky & Meunier, 2017) , respectively. Despite enormous breakthroughs that have significantly contributed to our understanding of the centrosome cycle, the molecular scaffold integrating these events has yet to be defined.
The different phenomena that underlie centrosome function are distinct processes. First, ciliogenesis is primed by the membrane docking of DAP proteins, followed by the elimination of negative regulators such as CP110, Ofd1, and trichoplein (Inoko et al., 2012; Izawa et al., 2015) . Using quantitative centrosome proteomics and Caenorhabditis elegans mutants, several DAP proteins, including FBF1 (Tanos et al., 2013; Wei et al., 2013) and CEP164, were found to function in ciliogenesis (Izawa et al., 2015) . FBF1 is also known as Albatross (Jakobsen et al., 2011) , a regulator of epithelial cell polarity (Sugimoto et al., 2008) , but its overall function has not been clarified (Schmidt et al., 2000) .
Second, centriole duplication in human cells involves CEP152, CEP192, Plk4, HsSAS-6, STIL, and CPAP (Conduit et al., 2015) , with Plk4, HsSAS-6, and STIL forming a complex. SAS6 is critical for the formation of the cartwheel structure of centrioles (Kitagawa et al., 2011) , whereas Plk4 phosphorylates STIL, which leads to the assembly of the STIL/HsSAS-6 complex and the initiation of procentriole formation by HsSAS-6 (Moyer, Clutario, Lambrus, Daggubati, & Holland, 2015; Ohta et al., 2014) . Thus, Plk4 acts upstream of HsSAS-6 and STIL whose roles in centriole duplication are interdependent. However, at present, how this complex assembles at the proximal ends of centrioles is unclear.
Third, spindle formation requires crosstalk between centrosome separation and centrosome maturation, which occurs after centriole disengagement (preparation for centriole duplication) and centrosome splitting (disjunction) (Nam, Naylor, & van Deursen, 2015) . These processes, which are initiated by cyclin-dependent kinase 1 (Cdk1) (Archambault & Glover, 2009; Nigg, 2001; Wang, Jiang, & Zhang, 2014; Zitouni, Nabais, Jana, Guerrero, & Bettencourt-Dias, 2014) , depend on the orchestrated activity of multiple mitotic kinases, including Polo-like kinase1 (Plk1), Aurora kinases, and NIMA-related kinases (Neks). For example, centriole disengagement upon mitotic exit, which is critical for centriole duplication, requires Plk1 and Cdk1 activity (Pagan et al., 2015; Shöckel, Möckel, Mayer, Boos, & Stemmann, 2011; Tsou & Stearns, 2006) . During centrosome disjunction, Plk1 functions upstream of Nek2A (Mardin, Agircan, Lange, & Schiebel, 2011; Nam & van Deursen, 2014) . However, during centrosome separation, Plk1 activates Nek9 to control early centrosome separation through Nek6/7 and Eg5 (Bertran et al., 2011; Fry, O'Regan, Sabir, & Bayliss, 2012) . Plk1 also phosphorylates Cnn (the Drosophila melanogaster homologue of mammalian CDK5RAP2) (Conduit et al., 2014) and pericentrin (Lee & Rhee, 2011) during centrosome maturation. In the fruit fly, Cdk1 phosphorylates Sas-4 (the CPAP homologue), recruits Polo to daughter centrioles, and converts them to centrosomes (PCM-assembly and duplication competent) (Novak, Wainman, Gartenmann, & Raff, 2016) . Although how these enzymatic events occur at the proximal ends of centrioles is less understood, proteins harboring the Cdk1-dependent priming phosphorylation site may bind to the Polo-box domain (PBD) in Plk1 (Elia, Cantley, & Yaffe, 2003; Zitouni et al., 2014) . Here, we found that Albatross/FBF1 is localized to proximal ends, suggesting that it contributes to the centrosome cycle. FBF1 is a DAP protein essential for ciliogenesis (Tanos et al., 2013; Wei et al., 2013) . We previously cloned and closely characterized Albatross (Sugimoto et al., 2008) . Using our published and novel tools for characterizing Albatross, we found that Albatross functions in centriole duplication by recruiting HsSAS-6. Albatross also participates in centrosome separation during mitosis by recruiting Plk1 to S348 after its phosphorylation, most likely by Cdk1. Taken together, our results show that Albatross is a novel protein that spatiotemporally integrates different aspects of centrosome function, namely ciliogenesis, centriole duplication, and centrosome separation.
| RESULTS

| Localization of Albatross/FBF1 to the proximal ends of centrioles
We previously reported that Albatross regulates the apical junctional complex (Sugimoto et al., 2008) . Here, we further produced Albatross monospecific antibodies to investigate their function in the centrosome cycle (Figure 1 ; Supporting Information Figure S1 ). We prepared two antibodies, including one against recombinant mouse Albatross and the other against recombinant human Albatross. The monospecificities of these antibodies were confirmed by immunoblotting lysates from knockdown cells (Figure 1a ; Supporting Information Figure S1a ). Using this approach, we found that centrosomes in proliferating crypt cells in mouse small intestines were Albatross positive (Figure 1b) , in agreement with a previous study that found that Albatross is localized to the cell-cell border in the villi of nonproliferating epithelial cells (Sugimoto et al., 2008) . This result potentially indicates that Albatross/FBF1 has an extra-ciliary function because crypt cells reportedly have no cilium.
First, we verified our antibodies, cDNA and siRNAs for Albatross by rescuing a reported Albatross/FBF1 knockdown phenotype, impairment of ciliogenesis (Tanos et al., 2013; Wei et al., 2013) . We combined the tetracycline-inducible expression system (i.e., "hyper-sensitive") 6Myc-tagged Albatross in human telomerase reverse transcriptase-immortalized retinal pigment epithelial cells (hTERT-RPE1) with Albatross knockdown (Figure 1c-e) . Albatross knockdown cells showing ciliary defects were confirmed by immunostaining and immunoblotting with our anti-Albatross antibody, and ciliary defects were rescued by the exogenous expression of Albatross. Thus, these results confirmed the antibodies, siRNA and full-length Albatross cDNA (GenBank/EMBL/ DDBJ accession no. AB354594).
Next, we investigated in detail the localization of Albatross in growing RPE1 cells using high-or super-resolution microscopy (Figure 1f-h) . First, our antibodies revealed that endogenous Albatross localizes to both the distal and proximal ends of centrioles (Figure 1f , left), regardless of centrosome separation (Supporting Information Figure S1b , by two independent antibodies). This finding was confirmed by exogenous expression of "hyper-sensitive" 6Myc-tagged Albatross (Figure 1f, right) . Then, we knocked out Albatross in puromycin-selectable HeLa cells using CRISPR-Cas9 genome editing. Knockout cells showed the loss of Albatross expression as revealed by immunostaining for Albatross ( Figure  1g ). Finally, anti-Albatross/FBF1 antibodies used in previous studies showed the same staining as antibodies under enhanced staining conditions (Figure 1h ) but not under previously published staining conditions (Supporting Information Figure S1c ). These results confirm that Albatross/FBF1 is localized to the proximal ends of centrioles. Genes to Cells
| Albatross contributes to centriole duplication at proximal ends
To confirm the function of Albatross at the proximal ends of centrioles, we utilized growing RPE1 cells expressing inducible Albatross (Figure 2 ). We found that the exogenous expression of Albatross rescued the defects in centriole duplication in Albatross knockdown cells ( Figure 2g ). Collectively, these results indicate that both proteins contribute to ciliogenesis, as previously described (Tanos et al., 2013) , but that centriole duplication is characteristic of Albatross.
| HSSAS-6 is the main effector of Albatross
Using serum-starved synchronized hTERT-RPE1 cells for siRNA transfection, we investigated the mechanism responsible for the proximal localization of Albatross ( Figure 3 ). Serum-starved synchronized hTERT-RPE1 cells were cyclin A positive at 26 hr after the addition of serum, revealing that almost 70% of the cells were in the S-G2 phase ( Figure 3a , siControl). Under these conditions, Albatross knockdown cells were also cyclin A positive, indicating that the defects in centriole duplication were not due to G1 arrest at the centrosome checkpoint as previously reported (Mikule et al., 2006; Srsen, Gnadt, Dammermann, & Merdes, 2006) . Next, we identified the key proteins affected after Albatross knockdown. We found that the cartwheel protein HsSAS-6, which colocalized with Albatross, disappeared from the proximal ends of centrioles (Figure 3b ,c). However, there was no difference in the distribution of the master regulator Plk4 or CPAP (Conduit et al., 2015) , a downstream regulator of centriole elongation, in Albatross knockdown cells ( Figure  3d ), indicating that HsSAS-6 disrupts centriole duplication.
In addition, the two dots corresponding to C-Nap1 indicated completion of centriole disengagement in Albatross knockdown cells (Figure 3d ,e), revealing that the centrioles had been mechanistically prepared for duplication (Mardin & Schiebel, 2012; Tsou & Stearns, 2006) . Collectively, these results indicate that the defects in centriole duplication were mainly due to the loss of HsSAS-6 in Albatross knockdown cells.
We also examined whether crosstalk exists between Albatross and HsSAS-6. The loss of HsSAS-6 in both Albatross knockdown and HsSAS-6 knockdown cells impaired centriole duplication in S-G2 synchronized cells (Figure 3f ,g; Supporting Information Figure S2c ), whereas even unduplicated centrioles in synchronized control cells were HsSAS-6 positive as previously reported (Fong, Kim, Yang, Liao, & Tsou, 2014) (Figure 3f ; siControl cells with two dots corresponding to centrin). In addition, the exogenous expression of Albatross rescued the localization of HsSAS-6 to centrioles in Albatross knockdown cells (Figure 3h ). We also found by immunoprecipitation that Albatross binds to both Plk4 and HsSAS-6 but not to STIL (Figure 3i ; Supporting Information Figure S2a,b) . Considering that the proximal localization of Albatross was independent of HsSAS-6 knockdown (Supporting Information Figure S2d) , we conclude that Albatross may serve as a platform for HsSAS-6.
| Albatross C-terminus mediates centriole duplication
To identify the region of Albatross responsible for centriole duplication, we prepared 6Myc-tagged fragments of both the N-and C-termini and transfected them into RPE1 cells (Figure 4 ). Both fragments localized to the proximal ends of centrioles, but the C-terminus also localized to the distal ends (Figure 4a-c) . Next, we identified the fragment responsible for the defects in centriole duplication (Figure 4d ). In S-G2 synchronized cells, the defects in centriole duplication caused by Albatross knockdown were rescued by expressing the full-length protein or C-terminal fragment but not the Nterminal fragment.
To understand the underlying molecular mechanism, we carried out immunoprecipitation using lysates from cells Error bars represent the SD; ****p < 0.001; ns, not significant; a.u., arbitrary units; in a, c, e, f, and h, n = 50, 10, 50, 50, and 10 cells pooled from three independent experiments, respectively. Bars, 10, 1, 1, 1, and 1 μm in a, b, d, f, and h, respectively expressing the full-length protein, both fragments, and other key proteins (Figure 4e-g ). Plk4 bound to both fragments, but HsSAS-6 bound to the C-terminal fragment only. Furthermore, endogenous STIL bound to the full-length protein and C-terminal fragment. In addition, STIL was possibly phosphorylated because a shift in its mobility was observed as previously reported (Figure 4g , asterisks) (Ohta et al., 2014) . These findings are consistent with a previous study that showed that Plk4-bound STIL is phosphorylated in the STAN domain where HsSAS-6 also binds; thus, phosphorylated STIL is stably incorporated into the Plk4-STIL-HsSAS-6 complex, a major component of the centriolar cartwheel (Moyer et al., 2015) . Taken together, these results indicate that Albatross binding to both Plk4 and HsSAS-6 stabilizes the Plk4-STIL-HsSAS-6 complex and that the Albatross Cterminus functions in centriole duplication (Figure 4h ).
| Albatross contributes to centrosome separation through Plk1 recruitment
Next, we focused on the centrosome separation observed in synchronized RPE1 cells. Primary cells in mitosis were observed in control and HsSAS-6 knockdown cells but not in Albatross knockdown cells (Figure 5a ; Supporting Information Figure S4a ). These cells were stained for Plk1 because Plk1 and its activity control centrosome separation at the proximal side (Bertran et al., 2011) (Figure 5b-d, siPlk1 ). siControl and HsSAS-6 knockdown cells with normal centrosome separation were Plk1 positive regardless of centriole duplication, but Albatross knockdown cells with unseparated centrosomes were Plk1 negative (Figure 5b,c) . Moreover, Plk1 knockdown cells showed intact centriole duplication (Figure 5b-d) . These results indicate that impaired centrosome separation in Albatross knockdown cells was due to the loss of Plk1 localization and occurred independently of HsSAS-6-mediated centriole duplication.
Next, we tried to exclude other events that would affect the centrosome cycle in Albatross knockdown cells, such as those stemming from cell cycle arrest or defects in centriole structure. Albatross knockdown cells continued to cycle, as indicated by the presence of phospho-Plk1 and cyclin A (Figure 5d ). Thus, centrosome abnormality is not due to cell cycle arrest. Albatross knockdown cells also exhibited CEP192 and CEP152 fluorescent signals, indicating that the centriole wall, a known platform for centriole duplication and separation, was intact in these cells (Sonnen, Gabryjonczyk, Anselm, Stierhof, & Nigg, 2013) (Figure 5e ). The expression of Albatross from a tet-inducible promoter in Albatross knockdown cells recovered centrosome separation ( Figure  5f ). Furthermore, Plk1 binding to Albatross was confirmed by immunoprecipitation (Figure 5g ; Supporting Information Figure S4b-d) , which led us to conclude that Plk1 specifically participates in centrosome separation mediated by Albatross.
Furthermore, we used HeLa cells that had been previously used in a study of centrosome separation (Bertran et al., 2011) ( Figure 6 ). Control and Albatross knockdown HeLa cells, which were unsynchronized and synchronized with thymidine-nocodazole, were positive for various cell proliferation markers (Figure 6a,b) , indicating that Albatross knockdown HeLa cells maintained mitotic kinase activity and continued to cycle.
To validate the effects of Albatross knockdown on centrosome separation, we investigated HeLa cells at prophase, which show chromosome condensation similar to the published reports (Bertran et al., 2011) . Albatross knockdown in HeLa cells also disrupted both centrosome duplication and centrosome separation at prophase, and this disruption was associated with a loss of Plk1 fluorescence (Figure 6c-e) . However, Albatross knockdown failed to affect the nucleating activity of MTs in HeLa cells at interphase, indicating that the mitosis-specific impact was most likely due to inefficient Plk1 recruitment (Figure 6f ).
| Plk1 binds to albatross residue S348 through the PBD
Next, we identified the binding site of Plk1 in Albatross by performing tagged immunoprecipitation and the Phos-tag assay (Figure 7) . In HEK293T cells, Plk1 associated with Albatross in a PBD-dependent manner, and the binding between the Albatross N-terminus and Plk1 was robust ( Figure  7a,b) . In the N-terminus of Albatross, residues S348 and T399 are followed by a conserved proline residue, which is phosphorylated by various Cdks (Elia et al., 2003) (Figure 7c ). In addition, these residues are preceded by a conserved serine residue (within the SpS/pT motif), suggesting that S348 and T399, when phosphorylated, could serve as the docking site for Plk1 through the PBD (Lowery, Lim, & Yaffe, 2005) .
F I G U R E 4
full-length protein localized to the proximal ends of centrioles, and the N-terminal fragment was absent from the distal ends. CEP164 served as a DAP marker. (c) The rescue effects were confirmed by immunoblotting. (d) Albatross knockdown and tet-inducible expression of Albatross showed that the Albatross C-terminus mediated centriole duplication by immunostaining (upper) and (lower) quantitation of four centrioles, such as those shown in (d). (e-g) Myc-tagged immunoprecipitation showed both terminal fragments to bind to Flag-Plk4 (e), but only the C-terminal fragment bound to Flag-HsSAS-6 (f) and endogenous STIL in S-G2 synchronized cells (g). (h) Illustration of Plk4-STIL-HsSAS-6 complex assembly and its function at the Albatross C-terminus. Error bars represent the SD; ****p < 0.001; ns, not significant; in d, n = 50 cells pooled from three independent experiments. Bars, 5, 1, and 1 μm in a, b, and d, respectively
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To determine whether this site acts as a binding site for Plk1 when phosphorylated, we transfected a double phospho-defective mutant (S348A and T399A) into HEK293T cells (Figure 7d,e) . The results showed impaired Plk1 binding to the site containing residue S348A, indicating that phosphorylation at this site mediates Plk1 binding.
We also examined Albatross phosphorylation in mitotically active cells using the Phos-tag assay (Kinoshita, KinoshitaKikuta, & Koike, 2009 ). We observed a mobility band shift in endogenous Albatross in hTERT-RPE1 and HeLa cell lysates, indicating that Albatross phosphorylation in mitotically active cells is independent of the cell type (Figure 7f ). We also observed that the electrophoretic mobilities of phosphodefective mutant forms were faster than that of the wild-type form, when they were expressed in mitotically active HeLa cells (Figure 7g ). Taken together, these results indicate that Plk1-PBD binds to the region containing mitotically phosphorylated Albatross residue S348 whose consensus sequence suggests that it is phosphorylated by Cdk1.
| Phosphorylation at albatross residue
S348 contributes to centrosome separation through Plk1 recruitment
Finally, we investigated the effects of phospho-defective Albatross mutants in HeLa cells (Figure 8) . After expressing the phospho-defective Albatross mutants in Albatross knockdown cells under the control of the tetracycline promoter, the localization of the mutants was similar to the full-length protein, indicating that Albatross phosphorylation is not essential for its localization (Figure 8a,b) . Furthermore, we observed these cells at prophase (Figure 8c-f) and confirmed that S348A, not T399A, disrupted centrosome separation and Plk1 expression at the proximal ends of centrosomes. Taken together, these results indicate that Albatross S348 phosphorylation participates in centrosome separation through Plk1 recruitment.
| DISCUSSION
Here, we demonstrated that Albatross/FBF1 is part of a multiprotein complex that contributes to centrosome functions at both the proximal and distal ends of centrioles within cells (Figure 8g ). Albatross functions in ciliogenesis as a reported DAP protein (Tanos et al., 2013; Wei et al., 2013) ; it also localizes to the proximal ends of centrioles (Figure 1 ) and participates in centriole duplication by recruiting HsSAS-6, a component of the centriolar cartwheel (Figures 2-4) . The interactions between Albatross phosphorylated at residue S348 and Plk1 promoted centrosome separation (Figures 5-8) . By utilizing monospecific antibodies, various constructs, siRNAs and genome editing for cell biological and biochemical studies, we found that the DAP protein has opposing functions (centriole duplication and centrosome separation) at proximal ends.
In these experiments, there were no secondary effects stemming from centriole wall defects ( Figure 5e ) and cell cycle arrest (Figure 3 ). Plk1 also affects other mitotic processes, including centriole disengagement (preparation for centriole duplication) and centrosome maturation (Mardin & Schiebel, 2012; Nam et al., 2015; Wang et al., 2014) . To prevent the secondary effects of these mitotic events prior to the G1 phase, we transfected siRNAs into serum-starved RPE1 cells in the G1 phase (Figure 3a,d ,e) and investigated defects caused only by abnormal centriole duplication and centrosome separation.
We found that Plk1 binds to phosphorylated Albatross and that inhibition of this interaction causes defects in centrosome separation (Figures 5-8) . Moreover, we found the possibility that Albatross serves as a scaffold for the PlkNek9-Nek6/7-Eg5 signaling pathway (Bertran et al., 2011) . The full-length Albatross protein immunoprecipitated both Nek9 and Nek6, but the C-terminal fragment pulled down Nek9 only (Supporting Information Figure S5 ). This finding may be because interactions between Plk1 and the Albatross N-terminus are required for Nek9 phosphorylation, Nek6 binding, and Eg5 activation.
We also found that MT nucleating activity in cells at interphase is independent of Albatross (Figure 6f ), suggesting that Albatross is not related to the general MT nucleating pathway, such as CDK5RAP2 (Choi, Liu, Sze, Dai, & Qi, 2010) . Rather, the role of Albatross in MT organization is exercised during mitosis.
Albatross at the distal ends of centrioles may also contribute to the assembly of various multiprotein complexes similar Genes to Cells INOKO et al. to the proximal ends because the full-length Albatross protein but not the fragment was found to initiate ciliogenesis (Supporting Information Figure S3 ). Potentially, ciliogenesis requires multiple proteins, including TTBK2 , which binds to Albatross and integrates this protein at DAPs.
Finally, the prospect of a correlation between Albatross function and multiple-ciliogenesis and centriole multiplication may be attractive (Herawati et al., 2016; Spassky & Meunier, 2017; Tang, 2013) because Albatross localizes to the ciliary base in the mouse bronchus and even at multiplicated centrioles before ciliogenesis in normal human bronchial epithelial cells undergoing differentiation at the airliquid interface (ALI, Supporting Information Figure S1d,e; Suprynowicz et al., 2012; You, Richer, Huang, & Brody, 2002) . Genome-editing methods that can analyze single-nucleotide mutations (Kwart, Paquet, Teo, & Tessier-Lavigne, 2017; Ochiai et al., 2014) will be necessary to further understand the centrosomal function of Albatross. Relevant Studies are currently being conducted in our laboratory.
| EXPERIMENTAL PROCEDURES
All methods were carried out in accordance with the relevant guidelines and regulations.
| Cell culture and transfection
hTERT-RPE1 (CRL-4000; American Type Culture Collection, Manassas, VA) cells were grown in DMEM/ F12 (1:1 mixture of DMEM and Ham's F12; Invitrogen, Carlsbad, CA) until they reached confluence to avoid ciliogenesis caused by contact inhibition. To observe ciliogenesis, we cultured RPE1 cells in serum-free medium for 48 hr. HeLa (human cervical carcinoma cells), NIH3T3, or HEK293T cells were grown in DMEM supplemented with 10% FBS. To induce the differentiation of multiciliated cells, commercially purchased normal human bronchial epithelial (NHBE) cells (Lonza, Walkersville, MD) were conditionally reprogrammed (Suprynowicz et al., 2012) and cultured under ALI conditions as previously described (You et al., 2002) .
HeLa and HEK293T cells were authenticated by the short tandem repeat (STR) profiling technique (Promega Japan, Tokyo, Japan). All cell lines were free of mycoplasma contamination, which was confirmed by a TaKaRa PCR Mycoplasma Detection Kit (Takara, Shiga, Japan). The transfection of plasmids and siRNAs was carried out using Fugene HD (Roche, Mannheim, Germany) and Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA), respectively.
| CRISPR construction and enrichment of albatross knockout hela cell populations
The targeting sequence for human Albatross is 5′-TAGG CACCAAAAACCAAGAA-3′. The sequence was cloned into the gRNA cloning vector that co-expresses Cas9 and puromycin-resistant proteins (pSpCas9(BB)-2A-Puro (PX459) V2.0, Addgene plasmid no. 62,988). As Albatross deficient cells do not divide readily (see Figures 5 and 6 ), Albatross null HeLa cells were enriched by selection for 5 days in 1 µg/ml puromycin (Sigma-Aldrich, St. Louis, MO), starting 1 day after transfection with ViaFect (Promega). RPE1 cells are unsuitable for enrichment because they are puromycin resistant.
| Tet-on system combined with gene knockdown
A pooled population of Tet-ON RPE1 and HeLa cells was produced by lentiviral infection as previously described (Inoko et al., 2012) in which the "hyper-sensitive" 6Myc-tagged Albatross derivatives and 6Myc were expressed in a tetracycline/Dox-dependent manner. To incorporate gene knockdown, we transfected unsynchronized cells with siRNA for 4 hr as previously described (Inoko et al., 2012) . Next, the cells were cultured in serum-containing medium (Figures  2 and 8 ) and serum-free medium (Figure 1 ; Supporting Information Figure S3 ) with or without Dox (3 ng/ml for RPE1 cells; 5 ng/ml for HeLa cells), and the cells were harvested after 44 hr. Figure S2 and S4), we cultured cells in serum-free medium for 48 hr. Next, serum was added into the medium, and the cells were harvested after 26 hr. siRNAs and/or Dox were added as shown in Figure 3a . To obtain mitotically synchronized HeLa cells using thymidine and nocodazole (Figure 6b) , we treated the cells were treated with 2 mM thymidine for 36 hr, cultured in fresh medium for 4 hr to release cells, and then incubated for 5 hr in medium containing 100 ng/ml nocodazole. siRNAs and Dox were simultaneously added into the medium with thymidine at the concentrations indicated above.
F I G U R E 6
Albatross functions in centrosome separation and Plk1 recruitment in HeLa cells. (a) Expression of various cell cycle markers in Albatross knockdown HeLa cells, namely the inactive kinase Cdk1pY15, the Cdk1 substrate vimentin pS55, and the cell cycle proteins cyclin
| Antibodies
Polyclonal rabbit anti-Albatross antibodies were produced as previously described (Inoko et al., 2012) . In brief, the Histagged full-length recombinant mouse or human Albatross protein was purified from Escherichia coli, followed by the immunization of rabbits. Next, the antibodies were affinity purified. To cross-check the results, we produced two Albatross antibodies for each antigen by immunizing two rabbits; the second antibody is labeled no. 2 in Supporting Information Figure S1a ,b. Anti-vimentin pS55 (S55 indicates the Cdk1 phosphorylation site; Yamaguchi et al., 2005) and anti-H3pS28 (Goto et al., 1999 ) (S28 indicates the mitotic phosphorylation site) antibodies were also used as previously described. The rabbit anti-CEP164 antibody was a gift from Dr. Nigg (University of Basel, Basel, Switzerland; Graser et al., 2007) . Commercially available anti-Albatross and anti-FBF1 were used as previously described (Tanos et al., 2013; Wei et al., 2013) and were purchased from Proteintech (Chicago, IL; 11531-1-AP) and Sigma-Aldrich (HPA023677). Can Get Signal immunostain solution A (TOYOBO Co. Ltd., Osaka, Japan) was used to enhance immunostaining.
Other antibodies from commercial sources were obtained as follows: from Merck Millipore (Burlington, MA) anticentrin (20H5) and anti-Plk4 (6H5); from Sigma-Aldrich, anti-acetylated tubulin (6-11B-1), anti-Plk1 (F8, for immunoblotting), anti-Flag (M2), anti-α-tubulin (B-5-1-2), and anti-γ-tubulin (T3559); from BD Biosciences (San Diego, CA), anti-C-Nap1 (clone 42), anti-ZO-1 (clone 1), anti-cyclin A (clone 25), and anti-Cdk1pY15 (clone 44); from Cell Signaling Technology (Danvers, MA), antiMyc (9B11); from Abcam (Cambridge, MA), anti-Plk1-pT210 (2A3) and HRP-conjugated anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH); from Santa Cruz Biotechnology (Santa Cruz, CA), anti-SAS6 (91.390.21), anti-pericentrin 2 (N-20), and anti-Rootletin (C-20); from Bethyl (Montgomery, TX), anti-STIL (A302-441A), anti-CEP192 (A302-324A), and anti-CEP152 (A302-480A); from Zymed (South San Francisco, CA), anti-Plk1 (37-7100, for immunostaining); from MBL (Japan), anti-GFP (code 598); and from Proteintech, anti-CENPJ/CPAP (11517-1-AP). Species-specific secondary antibodies were conjugated to Alexa Fluor 488, 555, or 647 (Invitrogen, Carlsbad, CA). Western blot analyses were carried out as previously described (Inoko et al., 2012) . The specificity of each antibody was confirmed by gene knockdown, followed by Western blotting analysis.
| Fixation, immunostaining, and immunofluorescence microscopy
These methods were carried out as previously described (Inoko et al., 2012) . In brief, mouse tissues were frozen in liquid nitrogen and cut at a thickness of 6 μm using a cryostat, mounted onto coverslips (Iwaki Glass Co., Ltd. Tokyo, Japan), air-dried, and fixed in 100% methanol for 10 min at −20°C. For cultured cells grown on coverslips and NHBE cells grown on 0.4-μm pore size culture inserts (BD Biosciences), cells were fixed as previously described. For immunostaining experiments that used the anti-acetylated tubulin antibody, the cells were incubated for 15 min on ice before fixation. Next, the cells were blocked in 1% BSA/ PBS for >15 min and incubated for 1 hr in the indicated primary antibodies. After washing three times in PBS, the cells were incubated for 30 min in the corresponding secondary antibodies. In some experiments, primary antibodies were conjugated to fluorescent dyes using the Zenon Labeling Kit (Invitrogen).
High-resolution fluorescent images were captured at room temperature using the DeltaVision System (GE Healthcare, Seattle, WA), which was equipped with an Olympus IX70 microscope (Olympus, Tokyo, Japan), Plan Apochromat 60×/1.42 and 100×/1.40 NA oil immersion lenses (Olympus), and a CCD camera (CoolSNAP HQ; Photometrics, Tucson, AZ). Images were acquired at 0.2 μm intervals as Z-stacks, deconvoluted, and then integrated using SoftWoRx Software (GE Healthcare). The images were then processed using Photoshop Elements 6.0 Software (Adobe, San Jose, CA, USA).
Super-resolution fluorescent images were captured at room temperature using a super-resolution SIM (ELYRA S.1; Carl Zeiss Japan, Tokyo, Japan) equipped with a Plan Apochromat (100×, 1.46 NA oil immersion lens; 63×, 1.4 NA oil immersion lens; and 40×, 1.4 NA oil immersion lens) with appropriate binning of pixels and exposure time.
Photographs were recorded with a cooled charge-coupled device camera (CoolSNAP HQ [Photometrics] ). The images were analyzed with ZEN (Carl Zeiss Japan). 
| Immunoprecipitation
Immunoprecipitation was carried out using HEK293T cell lysates and anti-Flag (M2), anti-GFP (code 598), and antiMyc (9B11) antibodies according to the manufacturer's protocol.
| Genes
cDNAs encoding full-length human (GenBank/EMBL/ DDBJ accession no. AB354594) or mouse Albatross were prepared as previously described (Sugimoto et al., 2008) . cDNAs encoding human Plk4, SAS6, STIL, CPAP, and Plk1 were gifts from Dr. Nigg. Human Plk1 PBD-WT and PBD-AA were also gifts from Dr. Nigg (Hanisch, Wehner, Nigg, & Sillje, 2006 ) (Addgene plasmid nos. 41162 and 41161, respectively). The other Plk1 derivatives used in this study were prepared as previously described (Kasahara et al., 2013) . cDNAs encoding full-length human Nek6, Nek7, and Nek9 were gifts from Drs. Hahn and Root (Johannessen et al., 2010) 
| Phos-tag assay with mitotic cells
To investigate the in vivo phosphorylation states of endogenous and exogenous Albatross mutants (Figure 7) , we detached RPE1, HeLa, and Tet-ON HeLa cells from plates by shaking after cultivation in medium containing 50 ng/ ml nocodazole for 4 hr, 200 ng/ml nocodazole for 12 hr, or 200 ng/ml nocodazole and 5 ng/ml Dox for 18 hr. To investigate the in vitro phosphorylation states, we immunoprecipitated and analyzed cell lysates by Phos-tag SDS/PAGE using 6% T polyacrylamide gels containing 20 μM Phos-tag (Wako Chemicals, Osaka, Japan) and immunoblotted with antibodies as described in the manufacturer's protocol. All antibodies are indicated in the figure. λPPase was used as the negative control.
| MT regrowth assay
To examine MT regrowth in HeLa cells at interphase, dishes containing cells cultured on coverslips were incubated for 30 min in an ice-water bath to depolymerize MTs. To allow MT regrowth, we incubated the cells in medium at 37°C, followed by fixation in methanol.
| Statistical analyses
The results are presented as the means ± standard deviation (SD). Statistical significance was determined using twotailed t tests within Microsoft Excel Software (Redmond, WA, USA). p-values <0.05 were considered statistically significant. Vol. 193, No. 3, p436) . Full-length Albatross was confirmed to contribute to ciliation (1), and the C-terminus and the N-terminus of Albatross were found to interact with the Plk4-STIL-HsSAS-6 complex and Plk1 for centriole duplication (2) and centrosome separation (3), respectively (see also main text). Error bars represent the SD; ****p < 0.001; ns, not significant; a.u., arbitrary units; in e and f, n = 50 and 10 cells pooled from three independent experiments, respectively. Bars, 1, 2, and 2 μm in b, c, and d, respectively
